Abstract: A numerical model is developed to determine the flow depth and discharge relationship for turbulent flows over vegetated flood plains. The model is based on the turbulent boundary layer similarity concepts developed for atmospheric and pipe flow hydraulics. Here, the Darcy-Weisbach formula is modified to account for vegetative resistance by application of surface roughness lengths developed from atmospheric methodologies. Such roughness lengths are well defined for many natural surfaces and can be determined from existing databases of vegetative surfaces or directly measured for specific sites. The model estimates of the flood flow discharges from a natural site are compared to observed data. The results show very good agreement with errors on the order of 7-8%. A sensitivity analysis was conducted to evaluate the effect of channel characteristics on discharge.
Introduction
Recent serious flood flow events in North Dakota, Minnesota, California, Texas, and Florida, due to anomalous frontal systems and unusual climatic conditions, are reminders that flooding remains a present and future threat. One critical issue is how to precisely predict the peak discharge and stage of flood flows. The Manning and Darcy-Weisbach equations are the most widely used methods for computing the stage-discharge relationships for flood flows. However, there are limitations to Manning's formula. The Task Force on Friction Factors in Open Channel ͑1963͒ found that Manning's formula with a constant n-value is only applicable to a fully rough turbulent flow. Additionally, employing Manning's formula in heavily vegetated or urbanized areas is particularly problematic ͑Task Force on Friction Factors in Open Channel 1963 ; Kadlec 1990; Abdelsalam et al. 1992͒. Christensen and Davie ͑1997͒ showed that Manning's formula is not applicable for predicting flow discharges when heavily vegetated flooding regions and wetlands have depth/roughness ratios less than approximately five. They suggested that the DarcyWeisbach formula be applied directly with the Darcy-Weisbach friction factor f derived from the mixing-length theory.
Application of the Darcy-Weisbach formula is constrained by the difficult task of determining appropriate friction factors. Schlicting ͑1955͒ reviews the relationship between the Nikuradsse's equivalent sand roughness and the friction factor. Darby ͑1999͒ provides a general approach for estimating the friction factor for vegetated and sediment surfaces. Masterman and Thorne ͑1992; 1994͒ and Darby and Thorne ͑1996͒ developed and calibrated procedures to estimate flow resistance based on the Colebrook-White equation, which was based on empirical relationships ͑Hey 1979; Kouwen et al. 1969; Kouwen and Li 1980; Kouwen 1988; Darby, 1999͒ . However, the accuracy of the friction factor for predicting flow characteristics in a particular reach with a dynamic vegetation regime remains questionable as limited published data is available and heterogeneous vegetated flood plains may be difficult to characterize. Atmospheric science research may be able to advance the a priori determination of surface-roughness conditions necessary to determine the flood stage and discharge relationship using turbulent transfer relationships of momentum and scalar admixtures at the Earth's surface ͑Monteith and Unsworth 1990͒. Of interest here is the relationship among wind speed, friction velocity, and the surface roughness that was developed from Prandtl's ͑1932͒ wind-profile relationship. The surface roughness for a particular location is routinely determined experimentally by measuring wind profiles and the surface shear stress ͑Kustas and Brutsaert 1986; Sugita and Brutsaert 1990; Jacobs and Brutsaert 1998͒ assess the accuracy, feasibility, and limitations of the proposed model.
Numerical Modeling of Flood Flows over Vegetated Areas

Darcy-Weisbach Friction Factor
For steady uniform flow in an open channel, gravity forces causing the flow must be equal to boundary shear forces. The channel depth is approximately equal to the hydraulic radius R h for a very wide-open channel. R h is equal to the ratio of the cross-section area A to the wetted perimeter P. Therefore, the shear stress at the channel bed is expressed as
where o ϭshear stress along the bed boundary, ϭflow density, gϭacceleration due to the gravity, Sϭ⌬H f /L represents the slope of the energy grade line, ⌬H f ϭenergy loss due to friction, and Lϭlength of the channel where boundary shear stress occurs. From Eq. ͑1͒, the friction velocity
For a steady, fully developed flow in an open channel, the head loss due to the wall friction is given by the Darcy-Weisbach equation applied to open channels ͑Chow 1959; Brater et al. 1996 ; Chadwick and Morfett 1998͒ as follows:
where f Јϭ f /4ϭthe Darcy-Weisbach friction factor based on the hydraulic radius, fϭDarcy-Weisbach friction factor, V m ϭmean flow velocity, gϭgravitational acceleration, Lϭchannel length, and R h ϭhydraulic radius. In open-channel flow, for a small angle of inclination of the channel bed, the slope of the energy grade line is assumed equal to the bed slope of the channel. Therefore, the head friction loss is
where Sϭslope of the energy grade line and S b ϭslope of the bed. By combining Eqs. ͑3͒ and ͑4͒, the mean flow velocity in an open channel yields
Using Eqs. ͑2͒ and ͑5͒, the mean flow velocity scaled by the friction velocity can be expressed as a function of DarcyWeisbach friction factor of the form
Eq. ͑6͒ relates the Darcy-Weisbach friction factor f Ј based on the hydraulic radius to the logarithmic mean velocity profile through the nondimensional mean flow velocity.
Logarithmic Law of Mean Wind-Speed Profile in Dynamic Sublayer
Relationships between the horizontal flow of air in the turbulent atmospheric boundary layer ͑ABL͒ over rough surfaces and the vertical flux of horizontal momentum or the surface shear stress are well defined ͑e.g., Kustas and Brutsaert 1986; Raupach 1992; Parlange and Katul 1995; Jacobs and Brutsaert 1998͒ . The ABL is the region above the Earth's surface where the fluid is affected by that surface. Three distinct flow regions in the ABL are commonly recognized. The interfacial sublayer, the surface sublayer ͑or inner region͒, and the mixed layer ͑or outer region͒ ͑Brutsaert 1982͒. The surface sublayer is the region above the roughness elements at the Earth's surface where flow is affected by surface roughness, but is not affected by individual roughness elements. The surface sublayer is the lowest 10% of the ABL excluding the roughness or interfacial sublayer. The lower part of the surface sublayer is referred to as the dynamic sublayer. Analysis of atmospheric flows in the dynamic sublayer is based on the logarithmic wind-profile law. Prandtl ͑1932͒ first proposed this law for application to meteorology. His approach considered the mean velocity gradient of plane-parallel flow in the z-direction is determined by the wall shear stress o and the distance z away from the wall. These variables can be combined into a single dimensionless quantity as follows:
where ūϭturbulent mean velocity at level z in the vertical direction within the dynamic sublayer, u * ϭfriction velocity, which is defined as
, and kϭvon Kármán constant Х0.4. Integrating Eq. ͑7͒ with respect to z from z o to z, then
where z o represents the momentum or surface-roughness length. For the logarithmic wind profile, z o is a height-independent constant equivalent to that height above the Earth's surface at which the wind speed would go to zero if the logarithmic profile of the dynamic sublayer extended into the interfacial sublayer. The local z o value depends on surface and canopy characteristics. The roughness is determined experimentally by measuring wind profiles and the surface shear stress. Numerous studies have been conducted to determine the surface-roughness length based on a land-use category. Wieringa ͑1993͒ reviewed several hundred experimental determinations of field roughness and selected 50 of the best documented experiments. Those 50 experiments gave z o results over a wide range of different surface types. Brutsaert ͑1982͒ and Hansen ͑1993͒ also compiled and tabulated a large number of roughness lengths obtained from multiple sources.
For rough surfaces, a general approach is used to define a zero-plane reference at a displacement height d o above the ground level. If zϭ0 is defined as the level of the bases of the roughness elements, and the reference level is established using a displacement height in the similarity formulation ͑Brutsaert 1982͒, then Eq. ͑8͒ yields
When the surface is covered with dense objects, the function of d o is to shift most of the shear-stress fraction from the surface to the canopy elements. Wieringa ͑1993͒ described z o as the total magnitude of shear forces acting on the surface in a length scale, and d o as the vertical distribution of those forces in the surface canopy. Many studies have related the surface-roughness length and the displacement height to some measurable characteristics such 
Relationship between Friction Factor and Surface-Roughness Length
There is a well-established, common history between turbulent atmospheric boundary-layer theory and turbulent pipe-flow theory ͑Brutsaert 1993͒. Prandtl and Tollmien ͑1924͒ first related the wind profile to the shear stress, then derived the 1/7 power law for the velocity profile from Blasius' pipe-flow hydraulics work ͑Bla-sius 1911͒. Their work was the precursor to the development of Eq. ͑9͒ and was first applied to the atmospheric boundary layer by Prandtl. This logarithmic velocity-profile relationship applies to both atmospheric and hydraulic flows. For flood flows, this relationship, determined using mixing-length theory vertical profile for the turbulent-flow region and found in most fluid mechanics textbooks, is
where Vϭtime mean velocity at the distance y from the bed and k o ϭNikuradse's equivalent sand roughness. Inspection reveals that the right-hand sides of Eqs. ͑8͒ and ͑10͒ differ only by the roughness definition. Both the flood flows and the atmospheric boundary-layer flows are classified as incompressible fully turbulent fluid flows in the boundary layer with similar surface conditions ͑i.e., surface roughness depends on vegetation type͒. It is thus assumed that the ratio of the mean velocity to the friction velocity in both flood and atmospheric flows are identical. Consequently, the quantity of V/V f in Eq. ͑6͒ derived from the Darcy-Weisbach equation is substituted by ū /u * in Eq. ͑10͒ from the logarithmic mean speed profile. With this procedure, the Darcy-Weisbach friction factor can be expressed as a function of the surface-roughness length and the associated zero-plane displacement.
The surface-roughness length z o and Darcy-Weisbach friction factor f Ј can be equated by reexamining the definition of the mean flow velocity.
where Aϭcross section area perpendicular to the flow direction. Therefore, Eq. ͑6͒ can be expressed as
The quantity (V/V f ) can be replaced by ū /u * in Eq. ͑9͒ from the nondimensional logarithmic velocity profile in dynamic sublayer. For a wide channel with length L and flow depth d, the slope of channel bed is small, i.e., Lӷd, so that only the variation in the vertical direction needs to be considered. Thus, the cross-section area of the channel AϭLϫd and dAϭLϫdz where z is the height from the height of (d o ϩz o ) to the flow depth d. Hence, Eq. ͑12͒ becomes
Eq. ͑13͒ establishes the relationship between the surfaceroughness length and the Darcy-Weisbach friction factor. For given values of z o and d o , the mean-flow velocity can be obtained by using the aforementioned relationship.
The flow discharge Q at a specific cross-section area of the region can be computed based on the mean flow velocity obtained from Eq. ͑14͒ as 
Model Evaluation
Modeled discharges at a USGS gauging station number 07020500 in the Upper Mississippi River Basin ͑UMRB͒, Illinois are compared to the measured discharges during the 1993 Mississippi floods. Discharge was measured on August 1, 3, and 5 when the flow exceeded the levee height. Table 1 summarizes the station information and the flood data. Site topographic characteristics and the vegetation types were obtained from the USGS ͑Fig. 1͒. Fig. 2 shows the site's 9.56 km wide stream cross section. The hydraulic radius R h was assumed to be equal to the flow depth d for a wide channel. The channel bed slope S b was determined from the elevation difference between two points in the river bed to be 1.748ϫ10 Ϫ5 m/m. The cross section was divided into 12 subareas based on topographic features and vegetation types. Since the land-use types for this site include only agricultural and channel/water, the nodes are selected when there is a change in the cross-sectional shape. The flow depth for the agricultural subareas ranged from 2.5-6 m, well above the vegetation canopy.
Each subarea was assigned a flow depth d i , a surfaceroughness length, and a displacement height. Three sources ͑Brustsaert 1982; Hansen 1993; Wieringa 1993͒ give estimates of the surface-roughness lengths for the two land-use types ͑i.e., channel/water and agricultural͒ in this site. For water, the surface roughness ranges from about 0.008 cm ͑Fig. 6, Hansen 1993͒ to between 0.01-0.06 cm ͑Table 5.1, Brutsaert 1982͒. For agricultural land use, Hansen's general ''FARMLAND'' category is as-signed a surface roughness of 2.6 cm while the detailed Table  VIII of Wieringa ͑1993͒ has surface-roughness values between 4 -9 cm for the ''low mature agriculture crops.'' Intermediate surface-roughness lengths were used in the analysis. The two channel/water sections were assigned the roughness value z o ϭ0.01 cm based on Brutsaert ͑1982͒. The 10 agricultural sections were assigned Wieringa's ͑1993͒ roughness value z o ϭ4 cm. As discussed previously, d o was assumed to equal 6.67z o ͑Brut-saert 1982; Hansen 1993͒.
Discharge was calculated for each subarea using Eq. ͑15͒. The total cross-section discharge Q* is the sum of the subarea discharges. The largest measured discharge QЈ, 26,731 m with approximately 40% of the flow through the agricultural subareas. This value agrees well with the measured discharge, with a 7% underestimation of the measured value. Comparable results using the identical roughness values were found on August 1 and 3 with 7.8 and 8.5% underestimates, respectively. The Reynolds numbers for the three flow were approximately 1ϫ10 7 indicating fully turbulent flow conditions and validating the flow independent roughness length assumption ͑Brutsaert 1982͒.
Sensitivity Analysis
A sensitivity analysis was performed to quantify the effects of surface-roughness length, zero-plane displacement and channel slope on the prediction of flow discharge. Discharge was recalculated for a 10 and 20% increase and decrease of z o , S b , and d o . From Fig. 3 , the discharge is less sensitive to errors in the surfaceroughness length than errors in the bed slope for this site. The displacement height has little influence upon the discharge. Increasing z o , S b , and d o by 20% results the flow rate changing by Ϫ3.0, ϩ9.5, and Ϫ0.4%, respectively. These results also show a realistic relationship between the modeled flow rate and the stream characteristics. The flow rate is inversely proportional to the surface roughness and displacement height, but proportional to the bed slope of the channel.
The sensitivity of discharge to changes in Manning's n was also examined as the operational formula for hydrodynamic river models that typically use a Manning's roughness coefficient, n, within the modeling framework ͓e.g., RMA2 ͑USA E-WES 1995͒, BRANCH ͑Schaffranek et al. 1981͒, and the Hydrologic Engineering Center River Analysis System ͑HEC-RAS͒ 1998͔. As Manning's equation discharge estimates are inversely proportional to the value of Manning's n, equivalent percent changes in n result in equivalent percent changes in discharge. From Fig. 3 , the same relative uncertainty in a roughness coefficient results in a relatively higher sensitivity to discharge as predicted by Manning's equation as compared to Eq. ͑15͒. A 20% decrease of Manning's roughness coefficient results in a 25% increase in the discharge prediction.
As the method is sensitive to the choice of z o , it is imperative to design a systematic way to assign the values of the surfaceroughness length to vegetated flood plains, particularly when z o is large or d is small. In the current model, the surface-roughness length is assigned according to the description of vegetation type from three different sources. However, the local surfaceroughness lengths may have large variations from tables of typical values even for the same terrain types ͑Davenport 1960; Oke 1978; Cook 1985; Troen et al. 1987͒ . Alternative methods to determine roughness based on site-specific information may improve local characterization. Characterization of vegetation using remotely sensed data could provide near real-time estimates of surface conditions and corresponding roughness values.
Limitations and Scope
The application of the current model is limited to flood flow within the dynamic sublayer. When the flow depth is less than zero-plane displacement, namely, in the region of interfacial sublayer, the flow region is outside of the acceptable region of this model. In order to consider flow-through vegetation, application of the current similarity model must also consider damped turbulent conditions, the dominant flow patterns, and the form drag from individual roughness elements ͑Petryk and Bosmajian 1975; Brutsaert 1982; Kadlec 1990͒ .
Conclusions
A numerical model was developed to determine the flow depth and discharge relationship for turbulent flows over vegetated flood plains. The model is based on the turbulent boundary layer similarity concepts developed for atmospheric and pipe-flow hydraulics. As the model is derived from the Darcy-Weisbach formula, it is valid for a wide range of flow conditions including flow over the vegetated flood plains. A major advantage of this model is that it utilizes the information on the land and does not require direct calculations of drag forces induced by vegetation. The surface-roughness length and the associated zero-plane displacement necessary to characterize the channel vegetation can be assigned according to the land use. The numerical results support the application of this model to the prediction flood values using atmospherically derived surface-roughness values. The presented model is a practical tool for estimating the relationship between discharge and stage for flood flows over vegetated areas, wetlands, and flood plains.
